Zoonotic diseases transmitted by wildlife affect biological conservation, public and animal health, and the economy. Current research efforts are aimed at finding wildlife pathogens at a given location. However, a metaanalytical approach may reveal emerging macroecological patterns in the host -pathogen relationship at different temporal and spatial scales. West Nile virus (WNV) is a pathogen with worldwide detrimental impacts on bird populations. To understand macroecological patterns driving WNV infection, we aimed to recognize unknown competent reservoirs using three disease metrics-serological prevalence (SP), molecular prevalence (MP) and mortality (M)-and test if these metrics are correlated with the evolutionary history, geographical origin of bird species, viral strain, time -space and methodology. We performed a quantitative review of field studies on birds sampled for WNV. We obtained 4945 observations of 949 species from 39 countries. Our analysis supported the idea that MP and M are good predictors of reservoir competence, and allowed us to identify potential competent reservoirs. Furthermore, results indicated that the variability of these metrics was attributable to phylogeny, time -space and sample size. A macroecological approach is needed to recognize susceptible species and competent reservoirs, and to identify other factors driving zoonotic diseases originating from wildlife.
Introduction
Most of the emerging infectious diseases that affect humans are caused by zoonotic pathogens transmitted from animals to humans [1] . Surveillance of these pathogens is of international concern for ensuring human health, socioeconomic development and wildlife conservation [2, 3] . To this end, current research efforts aim to sample wildlife and detect zoonotic pathogens that can infect them as well as humans [4, 5] .
Individually, these studies are essential for epidemiological surveillance at a given location. However, comparisons between studies may reveal macroecological patterns emerging from the host-pathogen transmission dynamics [6] . In these terms, a vast amount of data remain underexplored [7, 8] .
Although data obtained from epidemiological surveillance are heterogeneous and imperfect, they are valuable under the framework of macroecology. Using a macroecological approach, we can identify emerging patterns and underlying processes of epidemics and epizootics, while considering a wide range of species at different temporal and spatial scales, generating hypotheses and accounting for sampling bias and other confounding effects [6, 9, 10] .
Macroecology investigates generalized patterns at large spatial and temporal scales [6, 11] , and it has been applied to make comparisons between hosts and pathogens [12, 13] . In addition, macroecology has been employed to investigate the general relationships between host species diversity and disease risk [14] [15] [16] . This information contributes to preventing diseases, and it can be incorporated into predictive models to anticipate the risk of pathogens infecting wildlife, domestic animals and humans.
Currently, one of the most enigmatic zoonotic pathogens is West Nile virus (WNV). It belongs to the family Flaviviridae, genus Flavivirus, which has a high diversity of lineages and strains that differ in their biological properties and virulence [17] . The virus propagates in sylvatic cycles involving mosquitoes and birds as the primary host species, and humans and other vertebrates are considered incidental hosts [5, 18] .
While it is endemic to Africa, WNV activity has been reported in domestic and wild birds, humans, mosquitoes and horses in Europe, representing a crucial public health problem [5] . WNV was also introduced into North America in 1999 and has caused considerable public health problems and bird mortality, with persistent impacts in some populations [19] [20] [21] .
WNV has been studied thoroughly in the United States because its emergence and experimental and field studies suggest substantial variability in the relationship between birds and virus (susceptibility, reservoir competence, mortality and immunity) [22] . It is worth pointing out that, in this study, we define susceptibility of a host species as the frequency at which this host species had been exposed and reacted in a quantifiable way (by allowing pathogen proliferation indicated by molecular prevalence, by generating antibodies to the considered pathogen and/or through clinical symptoms, as quantified by host mortality). This definition means that it involves jointly genetic and ecological factors that have triggered such a reaction.
The microbiological contact between the virus and a susceptible host (exposure) triggers two primary processes. First, birds develop an immune response that limits cell infection; for example, antibodies neutralize the virus and render it non-infectious [22] . Second, the virus enters the host cell and replicates [23, 24] .
In WNV, host species that develop viremia greater than 10 6 PFU ml 21 are considered competent reservoirs. Under experimental conditions, the amount and duration of the viremia that species develop has been measured and standardized in the reservoir competence index (RCI) [20, 25, 26] . The highest RCI has been observed in species of Passeriformes, Charadriiformes (gulls, auks) and Strigiformes (owls). The Columbiform (doves), Pelecaniform (herons), Psittaciform ( parrots) and Galliform ( pheasants, turkeys) orders are considered incompetent to transmit the virus, with viremias below 10 4 PFU ml 21 [27] .
While the RCI is a useful measure for understanding the dynamics of the virus, experimental data include less than 1% of the approximately 10 699 bird species around the world [28] . This data scarcity is because most species are difficult to keep in captivity and because experimental approaches are incredibly challenging, hampering the possibility of obtaining robust estimates of reservoir competence. Therefore, even the most up-to-date list of competent reservoirs among bird species for WNV is far from completion [21, 25] . The scientific challenge is to develop analytical tools that allow a priori identification of competent reservoirs and thus reduce disease risk in wild species and humans [29] .
Variation in the relationships between host species and the virus has been associated with several factors. Among the most important are the phylogeny and geographical origin (GO) of the host, virus strain, time -space and methodology (table 1) [17, 35, 39, 40] . While each of these variables has been studied independently, to our knowledge, no review integrates them in the transmission dynamics of WNV.
To understand WNV dynamics on a global scale, we performed a quantitative review of field studies in birds [38] royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 285: 20182178 considering three disease metrics: serological prevalence (SP), molecular prevalence (MP), and mortality (M). We had two main objectives: (1) to determine if our metrics could be useful to predict the species reservoir competence to WNV, and (2) to investigate if factors of the host (evolutionary history and GO), virus (strain), timespace and methodology (sample size) are associated with these disease metrics (SP, MP or M).
Material and methods (a) Disease metrics
Bird species were considered susceptible to WNV if at least one positive record was found for serological or molecular diagnostic tests [20, 35, 41] . Three metrics (SP, MP and M) were examined independently as surrogates of different microbiological processes ( [45] . Studies with records of the number of birds analysed by serological and molecular diagnostics for WNV were considered. We excluded reviews and experimental studies because one of our objectives was to understand the potential role of the time -space in bird susceptibility. We also did not take into account observations at the order, family or genus level, as we aimed at finding differences between species.
An independent observation was considered to be a record for a bird species at a particular sampling site and during a particular year (electronic supplementary material, appendix 1). This procedure allowed us to incorporate routine surveillance studies where some bird species were sampled during multiple years, sampling seasons, counties, habitats or sites. The taxonomic adscription of bird species was homogenized based on the BirdLife taxonomic checklist.
Negative observations (i.e. studies without any positive diagnoses) were excluded from the analysis. Having all negative tests suggests that the virus was not present in this time and space, but it could also mean that susceptible bird species were not caught, due to the different sampling techniques that each bird group requires.
To ensure the analysis of true negatives, we considered that prevalence was zero if there were no positive tests in a sample size N i . 16. It has been suggested that 16 individuals is the minimum sample size necessary to detect a change of 1% in prevalence with reasonable confidence [46, 47] . Although this threshold cannot prove that the virus is absent within a bird population, it nevertheless provides a standard for excluding from the database records whose sample size is too small to provide useful information on which populations are WNV-negative (2638 observations are remaining).
(c) Data analysis (i) Identifying competent reservoirs of WNV
SP, MP and M were each analysed independently using the same methods. The analysis was performed in three steps. First, each prevalence observation (P) was calculated as the proportion of positive individuals (N ip ) among the total number of individuals tested for WNV (N i ) [43] . P was weighted by the number of individuals sampled P w to reduce variation in sampling size, i.e. the number of individuals tested per observation (N i ) log 10 transformed [12, 38, 48] .
This transformation helped to avoid over-representation of species with large sample size. Note that our observations ranged from 1 to 9040 individuals tested for a given species. Finally, using the P w values for each observation, we calculated the mean prevalence for each bird species (P wm ) for each metric.
Second, phylogenetic generalized least squares (PGLS) was applied to test if our three metrics (P wm of SP, MP and M) independently are good predictors of the RCI. PGLS is a modification of generalized least squares that uses the phylogenetic relationships among species to generate an expected covariance in species data. Because of their more recent common ancestry, closely related species are expected to have more similar traits and produce more similar residuals from the last squares regression line generating high autocorrelation within interspecific data [49, 50] . Thus, the estimates of the general linear model must be weighted based on the relatedness between taxa [51 -53] . For this analysis, we used the bird phylogeny proposed by Jetz et al. [30] .
WNV RCI has been calculated as the product of three factors: the proportion of birds infected as a result of exposure, the proportion of exposed vectors that become infectious per day and the number of days that a bird maintains an infectious viremia [25] . RCI has been estimated previously in different studies, and it was standardized for approximately 43 bird species by Kilpatrick et al. [26] . Therefore, we used these values in the PGLS.
PGLS was performed considering P wm as the dependent variable and the RCI, phylogeny (PH) and sampling effort (SE) as predictors. For this, we paired our metrics and the available values of the RCI for each species. In the model, we considered a subset of 32 bird species for SP, 11 for MP and 31 for M. We included the SE as a predictor in our model to control for discrepancies in the number of times that species were sampled (1-99 times) [48] :
Subsequently, we carried out a second set of PGLS considering the bird species that did not have RCI values. We did this for two reasons. First, it allowed us to include the species with the highest values of the disease metrics. Second, we identify the potential competent reservoirs based on the correlation between the metrics and the RCI. A subset of 438 species for SP, 112 for MP and 333 for M were used.
Phylogenetic residuals were reported by each metric and bird species. Positive residuals indicate that a particular bird can replicate the virus, die from the infection and/or develop a greater immune response compared to its sister species, after accounting for other confounding factors. The PGLS models were performed using the Caper package for R software:
(ii) Factors influencing disease metrics Finally, we tested whether disease metrics were associated with the host phylogeny, viral genotype, time -space and methodology (sample size) (table 1). Bayesian methods were used to test a generalized linear mixed model. This method has been used in previous studies to estimate disease prevalence and associated parameters in humans and wildlife. Additionally, it provides confidence intervals from the posterior distributions of the parameters of interest, which are a useful tool to predict the effects based on a quantitative model [54] [55] [56] [57] .
We regarded as fixed effects the geographical origin (GO), strain (S) and sample size (SS). The time -space (ST; country and year) and phylogeny (PH) were included as random effects. All models were tested assuming a multi-response prior with the form: p n:p p:n n with a Poisson distribution for the multiresponse variable Y i ¼ the number of positive ( p) and negative (n) individuals [54] . The MCMCglmm package in R was used to estimate the posterior estimates from Markov chains built for 100 000 generations, with a burn-in of 10 000, and a thinning interval of 1000 [53] .
Results
We found 147 published studies including 4995 records which ranged from the years 1959 to 2017 and represented 39 countries (electronic supplementary material, appendix 1). The most represented countries were the USA (59%), followed by Mexico (6%) and Canada (4%) (figure 1). The observations included 218 814 sampled individuals and 949 different species, representing approximately 8.8% of all known bird species in the world (10 699 species). The species tested belonged to 31 orders, 114 families and 460 genera. Passeriformes, Anseriformes (ducks, geeses) and Charadriiformes were the dominant orders (figure 2).
(a) Disease metrics
We considered 608 (64%) species susceptible to WNV-462 species that had positive SP, 127 with MP and 335 with M-while the remaining bird species did not show sufficient evidence of exposure to the virus according to our criteria. The most frequently tested species were those highly associated with urban areas, such as the house sparrow (Passer MP implies that the virus was able to replicate within a host and the host was alive at the time of sampling. The host may or may not subsequently survive the infection.
MP can be used to recognize species in which the virus can replicate and probably be transmitted.
[ 13, 25] mortality (M) M suggests that the virus was able to replicate within the host to the point that the host developed multi-organ failure and died. Nevertheless, a dead bird that tests positive for WNV is not a definitive diagnosis of WNV as the cause of death.
M is crucial for identifying highly susceptible species and is important for wildlife conservation. 
(c) Factors associated with disease metrics
The posterior distributions of the three disease metrics showed significant associations with the sample size. Likewise, these metrics showed a negative effect of the GO, and the strain did not present a significant association (tables 3 and 4). Moreover, posterior distributions of the phylogeny and time-space showed a substantial effect on the three disease metrics.
Discussion
Based on a quantitative review of WNV as a model, this study allowed us to (i) identify highly susceptible bird species, (ii) propose potentially competent reservoirs and (iii) identify relevant factors associated with bird species risk of WNV. To our knowledge, this is the first study to consider field data on a global scale to examine SP, MP and M, and to test their associations with experimental data.
(a) Characterizing susceptible bird species: survival, transmission and death from WNV exposure
We identified bird species recognized as highly susceptible to WNV. For example, 93% of the records for the American white pelican (Pelecanus erythrorhynchos) were positive (n ¼ 14 positive records), and the virus has been considered a significant concern for this species in the US [58] . Also, we found that the Spanish imperial eagle (Aquila adalberti) and snowy owl (Bubo scandiacus) are highly sensitive due to their high number of positive records (electronic supplementary material, appendix 2). These results are relevant because these species are classified as Vulnerable on the IUCN red list [59] . SP results coincided with previous studies in suggesting that Columbiformes and Pelecaniformes are tolerant to infection [19, 20] . Passeriformes had the highest values of MP. These data are consistent with prior knowledge suggesting that these are the primary reservoirs to WNV. Nevertheless, we detected other groups that are less recognized as reservoirs, such as the Accipitriformes (hawks) and Picifomes (figure 3). Passeriformes had the highest M values; this group is known to have some species that die by infection [21] . However, our results revealed other species of concern, such as the Gruiformes (coots, rails) and Psittaciformes. These species could die due to WNV infection ( figure 3) . between M and RCI (R 2 ¼ 0.6) may be because viral replication is measured in each of these metrics [25] . Therefore, high values of MP and M could suggest a high potential to be competent reservoirs. It has been proposed that mortality could facilitate WNV amplification because hosts that die have higher viral loads than those that survive [19] . As could be expected, SP is not associated with birds' capacity to transmit the virus. As such, it is important to point out that despite being the most frequently used metric, SP should not be used as a proxy for competence. Passeriformes, Charadriiformes, Falconiformes (falcons and caracaras) and Strigiformes had the highest MP and M values. These results are consistent with previously published studies suggesting that these groups are competent WNV reservoirs [25, 26] . Moreover, in this study, we found potential reservoirs that have not been analysed in experimental studies, including the Accipitriformes and Piciformes (electronic supplementary material, appendix 3). Experimental and field studies are needed to confirm the capacity of these groups to transmit the virus, and these species may need particular attention during a WNV epidemic.
(c) WNV disease metrics are associated with sample size, phylogeny and time -space
The MCMCglm models showed that our three disease metrics were affected mainly by sample size, phylogeny and timespace. These results are consistent with several studies that have suggested that a larger sample size is correlated with high levels of prevalence [48, 60] . Also, phylogeny is determinant for host-pathogen interactions because sister species could provide similar environments for the parasite, or because they share a coevolutionary history with the virus [31, 40] . Our variable time -space could reflect, in a general way, ecological and climatic conditions of the sampling sites where each bird species was sampled. For example, some studies have suggested that the composition of vector and hosts communities, temperature and rainfall patterns are crucial for WNV transmission [36, 61, 62] .
Viral strain did not apparently influence MP and M metrics. This result contradicts experimental studies that demonstrate that bird susceptibility to WNV is strain-dependent [35, 63] . This apparent contradiction may be due to the scales of analysis. Experimental studies focus on a small taxonomic spectrum, whereas our review encompasses many species. At this macroecological scale, strains which are highly virulent in one area may be less virulent in others. Therefore, this situation needs further experimental and field studies. At this scale, GO did not influence MP and M.
(d) Strengths and limitations of the macroecological approach
The methodology presented here could be used in different host species, pathogens and epidemiological variables using field data such as incidence, intensity, density, pathogen species richness and abundance, among others. This methodology could be applied as an initial screening to propose new competent reservoirs for pathogens of interest, though the results should be confirmed by experimental studies. Our results can be useful to direct sampling efforts towards less-studied species and geographical regions. Of the 10 699 recognized bird species, 949 (8.8%) have been sampled for this virus, and of these, 352 species have been tested only once for WNV. This situation highlights the urgent need for increased information on the effects of this virus on bird species.
Our disease metrics were limited by some factors, and considerable uncertainty exists in our findings and interpretations. First, concerning the host, we did not take into account its immune system status, age, co-infections and infection route [17] , nor did we consider mosquitoes' feeding preferences [33, 64] . Finally, variations in SE, the lack of reports of zero prevalence and the lack of follow-up on positive cases introduce uncertainty into our results [46, 65] . Nevertheless, considering the large number of individuals and species sampled, we are confident that these sources of variability do not affect our general conclusions.
The macroecological approach is a powerful tool to identify general patterns in disease systems such as WNV. In the future, this approach could be more effective if the field studies report more precise information. For example, it is imperative that field studies have a suitable sample design and sample size, a wide range of host species and diagnostic tests; considering these factors when designing and reporting field studies could improve the precision of our knowledge of disease dynamics.
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